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TECHNOLOGY  DEVELOPMENT  FOR  TRANSITION  METAL-RARE 
EARTH  HIGH-PERFORMANCE  MAGNETIC  MATERIALS 


J.  J.  Becker  et  al. 


FOREWORD 


This  report  describes  work  carried  out  in  the  Metallurgy  and  Ceramics 
Laboratory  of  the  General  Electric  Research  and  Development  Center, 
Schenectady,  New  York,  under  USAF  Contract  No.  F33615-70-C-1626,  entitled 
"Technology  Development  for  Transition  Metal-Rare  Earth  High-Performance 
Magnetic  Materials."  This  work  is  administered  by  the  Air  Force  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio,  J.  C.  Clson  (AFML/LPE) , 
Project  Engineer. 

This  Fifth  Semiannual  Interim  Technical  Report  covers  work  conducted 
under  the  above  program  during  the  period  1  July  -  31  December  1972.  The 
principal  participants  in  the  research  are  J.  J.  Becke**,  J.  D.  Livingston, 
J.  G.  Smeggil,  D.  L.  Martin,  M.  G.  Bena,  and  A.  C.  Rockwood.  The  report 
was  submitted  by  the  author  in  January  1973. 

The  contractor's  report  number  is  SRD-73-059. 
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TECHNOLOGY  DEVELOPMENT  FOR  TRANSITION  METAL  - 
RARE  EARTH  HIGH-PERFORMANCE  MAGNETIC  MATERIALS 

J.  J.  Becker 


I.  INTRODUCTION 

This  is  the  fifth  semiannual  interim  technical  report  for  Contract  No. 
F33615-70-C-1626,  covering  the  period  1  July  1972  through  31  December 
1972.  The  objective  of  this  work, -as  set  forth  in  Exhibit  A  of  the  contract, 
is  to  develop  the  technology  of  high-performance  transition  metal-rare 
earth  magnets  for  critical  applications.  High-performance  permanent 
magnets  are  defined  in  this  context  as  those  having  remanences  greater  than 
ten  thousand  gauss  and  permeabilities  of  very  nearly  unity  throughout  the 
second  and  into  the  third  quadrants  of  their  hysteresis  loop.  Such  technology 
is  to  be  developed  through  1)  studies  of  the  origin  of  the  intrinsic  coercive 
force  in  high -anisotropy  materials,  2)  development  of  information  on  phase 
equilibria  in  these  materials,  and  3)  identification  and  investigation  of  new 
materials.  The  progress  that  has  been  made  during  the  period  covered  by 
this  report  is  described  below  under  these  three  major  headings.  vThis 
report  includes  a  digest  and  two  papers  that  have  been  accepted  for 
presentation  or  published  in  various  technical  journals. 


II.  FUNDAMENTAL  STUDIES  OF  THE  ORIGIN  OF  THE  COERCIVE  FORCE 

IN  HIGH-ANISOTROPY  MATERIALS 

1.  Origin  of  the  coercive  force  (J.  J.  Becker) 

In  the  continuing  theoretical  study  of  the  origin  of  the  coercive  force  in 
both  powders  and  sint<__ .  d  magnets,  a  number  of  points  are  being  developed. 
One  is  an  assessment  of  the  importance  of  changes  m  wall  area.  In  an 
approximately  equiaxeu,  nearly  saturated  particle,  such  as  a  particle  at 
remanence  having  a  coercive  force  greater  than  about  4ttMs/3,  any  remain¬ 
ing  vestigial  domain  boundary  that  might  serve  as  c.  nucleus  for  magnetization 
reversal  will  necessarily  greatly  increase  its  area  as  it  moves.  This  fact 
contributes  an  additional  term  to  the  total  energy,  with  the  result  that  the 
force  on  the  wall  due  to  a  given  external  field  depends  on  the  overall  mag¬ 
netization.  This  factor,  neglected  in  the  usual  kinds  of  wall-motion  cal¬ 
culations,  may  be  of  dominating  importance  in  the  nucleated-reversal  type 
of  behavior  characteristically  shown  by  cobalt-rare  earths. 

A  consideration  that  may  be  of  importance  to  sintered  materials  as  well 
as  in  particles  is  the  barrier  to  wall  motion  presented  by  a  boundary  between 
two  crystallographic  phases.  Such  boundaries  may  be  considered  to  exist  in 
the  "shell"  model  for  sintered  magnets,  in  which  each  grain  of  the  5-1  phase 


is  hypothesized  to  be  surrounded  by  a  layer  of  7-2.  They  would  also  exist 
at  isolated  nuclei  such  as  these  provided  by  local  oxidation  resulting  in  a  bit 
of  high-cobalt  low-anisotropy  material.  While  the  magnetization  could  easily 
rotate  in  such  a  nucleus,  the  resulting  domain  wall  must  then  cross  the 
boundary  into  the  5-1  phase.  Depending  on  the  spatial  orientation  of  the 
boundary  in  this  type  of  situation,  the  domain  wall  energy  may  have  to  in¬ 
crease  substantially  over  a  distance  on  the  same  order  as  its  ov/n  thickness. 
This  can  lead  to  very  large  coercive  forces.  In  the  case  of  the  shell  model, 
granting  the  hypothetical  shell  of  7-2  phase,  the  presence  of  the  phase 
boundary  seems  like  a  simpler  physical  origin  for  the  coercive  force  than  the 
further  hypothesis  that  the  7-2  phase  is  full  of  pinning  sites. 

A  phenomenological  treatment  of  the  dependence  of  Iin  on  Hm  for  single 
particles  is  being  developed  along  the  lines  that  are  summarized  in  the 
following  digest,  which  has  been  accepted  for  presentation  at  the  1973 
Intermag  Conference. 


2.  A  MODEL  FOR  THE  FIELD  DEPENDENCE  OF  MAGNETIZATION 
DISCONTINUITIES  IN  COBALT-RARE-EARTII  MATERIALS 

J.  J.  Becker 

(To  be  presented  at  the  1973  Intermag  Conference) 
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DISCONTINUITIES  IN  COBALT-RARE-EARTH  MATERIALS 


J.  J.  Becker 

General  Electric  Research  and  Development  Center 
P.  O.  Box  8,  Schenectady,  New  York  12301 


A  strong  dependence  of  intrinsic  coercive  force  IIC  on  previous  mag¬ 
netizing  field  II m  has  been  observed  in  powders  of  cobalt- rare-earths. 
Observations  on  CosSm  single  partielesO)  demonstrate  that  the  fields  IIn  at 
which  magnetization  discontinuities  take  place  also  vary  with  IIm,  showing 
that  the  dependence  is  a  property  of  each  particle.  In  general  the  values  of 
IIm  are  larger  than  IIn,  and  the  overall  slope  of  IIn  as  a  function  of  IIm  is 
approximately  -1,  until  a  value  of  IIm  is  reached  that  results  in  no  further 
increase  of  IIn. 

It  is  possible  to  explain  this  type  of  behavior  on  a  simple  phenomenological 
model.  The  essential  features  of  the  model  are  the  following: 

1.  The  particle  contains  sites  that  trap  small  pieces  of  domain  wall. 
There  is  an  enetgy  barrier  for  the  wall  to  leave  the  trap,  taken  for  simplicity 
as  the  same  in  either  direction  of  motion. 

2.  The  event  that  brings  about  a  discontinuous  magnetization  jump  is 
the  breaking  away  of  a  wall  fragment  from  its  trap.  This  occurs  at  a  local 
field  -II The  corresponding  applied  field  Jln  is  equal  to  IIj  -  11^,,  where 
11^  is  the  local  demagnetizing  field.  Thus  Hn  may  be  positive  or  negative. 

?>.  The  wall  fragment  may  equally  well  bo  driven  in  the  other  direction, 
removing  the  small  remaining  domain  and  slightly  increasing  the  mag¬ 
netization  ir.  the  direction  of  the  applied  field.  This  will  happen  at  a  local 
field  +11  jf ,  or  an  applied  field  11^  +  TI^. 

4.  Once  the  wall  has  been  driven  out  of  the  trap,  in  either  direction, 
the  trap  has  been  inactivated  and  will  do  nothing  further  until  it  captures 
another  bit  of  wall.  This  will  happen  when  another  trap  "fires.  " 

5.  Ultimately  at  high  IIrn  another  type  of  defect  takes  over  and  deter¬ 
mines  the  limiting  value  of  II|V 

This  model  predicts  the  following  types  of  behavior: 

1.  Loops  at  less  than  the  limiting  Ilni  are  characteristically  un- 
symmetrical,  since  they  are  due  to  two  traps,  one  reactivating  the  other. 

2.  At  the  limiting  Ilm  the  loop  becomes  symmetrical. 


3,  The  predicted  behavior  of  IIn  as  a  function  of  IIm  has  an  overall 
slope  of  “1  and  an  offset  of  Hj.  That  is,  no  jumps  take  place  until  Hm 
exceeds 

Comparison  of  these  predictions  with  the  observed  behavior  of  a  particle 
whose  ideal  loops  at  the  limiting  I-Im  have  been  reported  previously'2)  in¬ 
dicates  the  presence  of  several  such  defects  in  addition  to  the  limiting  one  and 
shows  a  reasonable  value  of  about  2400  Oe  for  Hj. 

1,  J.J.  Becker,  IEEE  Trans.  Magnetics  MAG-5,  211  (1969). 

2.  J.J.  Becker,  J.  Appl.  Phys.  42,  1537  (1971). 


This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  was  monitored  by  the  Air  Force  Materials 
Laobratory,  MAYE,  under  Contract  F336 15-70- 1626. 


3.  Session  on  Origin  of  Coercive  Force 

During  the  time  of  the  present  report,  Ihe  author  organized  and  chaired 
a  session  on  the  origin  of  the  coercive  force  in  high-anisotropy  materials, 
the  Symposium -Workshop  on  Cobalt-Rare -Earths,  held  at  the  18th  Annual 
Conference  on  Magnetism  and  Magnetic  Materials  in  November.  The  session 
consisted  of  a  paper  reviewing  the  present  status  of  the  problem,  given  by 
J.  D.  Livingston,  followed  by  a  panel  discussion.  The  panel  members  in¬ 
cluded  K.  J.  Strnat,  University  of  Dayton;  R,  A.  McCurrie,  University  of 
Bradford,  England;  K.  Bachmann,  Brown-Boveri,  Switzerland;  and  C.  Y. 
Chin,  Bell  Laboratories.  The  purpose  of  the  session  was  to  pinpoint  as 
precisely  as  possible  where  the  understanding  of  the  problem  stands,  what 
discrepancies  exist,  and  what  exactly  should  be  done  next  to  advance  the 
understanding  of  this  subject  most  effectively,  thereby  establishing  the 
strongest  possible  base  for  continued  development  of  this  class  of  materials. 
The  size  of  the  audience  and  the  degree  of  its  participation  throughout  the 
session  were  most  gratifying  and  amply  testified  to  the  widespread  interest 
in  this  important  subject. 


A  precis  of  the  oral  presentation  of  the  review  paper  is  given  next, 
followed  by  the  text  of  the  written  version.  This  is  done  because  for  the 
oral  version  several  additional  slides  were  prepared  to  present  the  material 
in  somewhat  simpler  form.  These  figures  and  the  comments  on  them  are 
included  here  for  the  pedagogical  value  they  may  have. 


Figure  1  shows  the  various  coercivity  models  so  far  suggested  for  high- 
anisotropy  uniaxial  materials  such  as  Co5Sm.  Coherent  rotation  and  curling 
can  be  eliminated  because  the  experimentally  observed  coercxvities  are  much 
lower  than  the  theoretical  values  for  these  reversal  processes.  Thus  we 
conclude  that  reversal  occurs  by  the  nucleation  and  growth  of  reverse  domains. 
Coercivity  is  controlled  either  by  the  nucleation  event,  by  general  wall 
pinning,  or,  according  to  models  developed  by  Zijlslra,  Westt  'orp,  and 
Strnat  and  co-workers,  by  a  localized  wall-pinning. 


Figure  2  shows  schematically  the  different  magnetic  behavior  predicted 
by  general  pinning  and  nucleation  models.  The  behavior  at  the  top, 
characteristic  of  general  pinning,  is  observed  for  copper-bearing  precipitation 
alloys.  The  behavior  at  the  bottom,  on  the  other  hand,  is  characteristic  of 
predominantly  single -phase  C05R  materials.  This  observation  rules  out 
general  pinning  in  these  cases,  and  is  consistent  with  nuclcation-conlrolled 
reversal.  However,  certain  local  pinning  models  can  also  explain  such 
behavior. 


Study  of  the  magnetization  curves  of  individual  C05R  particles  (Figs.  2-5 
in  the  next  section)  shows  that  both  nucleation  and  local  pinning  can  play  a 
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Figure  1  Coercivi'y  models  and  corresponding  coercivities. 
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Figure  5  Mechanisms  determining  coercivity. 
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role  in  controlling  coercivity.  Considered  in  detail,  the  models  in  fact  can 
be  difficult  to  distinguish  in  some  respects.  However,  as  shown  schematically 
in  Fig.  3,  the  two  models  involve  opposite  dependences  on  defect  density. 

The  curve  shows  that  a  few  defects  can  lower  coercivity  by  nucleation  of 
reverse  domains,  but  a  sufficiently  high  density  of  defects  can  raise 
coercivity  through  wall  pinning.  Therefore,  in  principle,  to  establish  whether 
nucleation  or  local  pinning  is  dominating  coercivity  in  powder  assemblies  or 
sintered  magnets,  we  need  only  determine  \  nether  coercivity  is  increasing 
or  decreasing  with  increasing  defect  density.  In  practice,  interpretation  is 
somewhat  ambiguous  because  the  nature  cf  the  important  defects,  and  their 
connection  with  various  processing  steps,  are  generally  unestablished. 

Figure  4  shows  schematically  the  effect  on  coercivity  of  various 
processes  such  as  grinding,  low-temperature  aging,  etc. ,  and  a  possible 
explanation  for  a  pinning- controlled  model.  For  example,  the  increase  of 
coercivity  on  etching  has  been  attributed  to  an  introduction  of  pinning  centers, 
perhaps  due  to  hydrogen,  by  the  etching  process.  The  explanation  based  on 
nucleation  seems  bore  plausible  in  view  of  our  general  knowledge  of  defects, 
but  more  metallographic  studies  are  needed  to  establish  definitively  the 
significant  defects  and  their  density  after  various  processing  steps. 

Finally,  Fig.  5  simmarizes  the  conclusions  reached  in  the  above 
discussion. 
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PRESENT  UNDERSTANDING  OF  COERCIVITY  IN  COBALT-RARE  EARTHS 


J.  D.  Livingston 


INTRODUCTION 


COgSm  and  CosSm -based  ternary  c<  mpounds  have 
recently  been  developed  into  permanent  magnets  with 
energy  products  and  coercivities  substantially  gi  eater 
than  was  possible  with  previous  materials.'1"'3'  How¬ 
ever,  in  other  CoBR,  Col7Ra,  and  (Co,  Fe)l7Ra  com¬ 
pounds  with  the  potential  for  higher  energy  products 
and/or  lower  matei  ini  costs  than  CosSm,  high  coer¬ 
civities  have  not  yet  been  achieved.  Even  in  Co5Sm, 
coercivities  remain  almost  an  order  of  magnitude  be¬ 
low  those  theoretically  possible.  Thus  there  remains 
considerable  technological  potential  in  improved 
understanding  of  the  factors  determining  coercivity 
in  these  materials. 


The  Co8R  compounds  are  oi  hexagonal  symmetry, 
and  the  basis  for  large  coercivities  Is  the  large,  easy- 
axis,  magnetocrystalline  anisotropy  which  has  been 
measured  on  single  crystals^*®1  and  aligned  pow- 
ders(®>71  We  will  review  first  the  theory  of  magne¬ 
tization  reversal  in  easy-axis  materials,  and  then  the 
experiments  relating  to  coercivity  in  the  cobalt-rare 
earths.  We  will  deal  exclusively  with  the  intrinsic 
coercivity  Hci,  the  reverse  field  in  which  half  of  the 
specimen  magnetization  is  reversed.  Unless  other¬ 
wise  specified,  we  will  be  considering  the  case  in 
which  magnetic  field  is  applied  parallel  to  the  easy 
axis. 


THEORY 


We  consider  first  the  equilibrium  or  lowest-energy 
magnetization  states  of  a  uniaxial  particle  temporarily 
ignoring  the  accessibility  of  those  states.  The 
equilibrium  magnetization  curves  for  spherical  par¬ 
ticles  with  D*DC,  D>Dc,andD»Dc  are  shown  in  the 
top  half  of  Fig.  1.  For  D£Dc.  the  particle  is  always 
fully  saturated,  i.  e. ,  single  domain,  in  its  lowest- 
energy  state.  For  a  bulk  sphere  (D»DC),  a  multi- 
domain  state  with  zero  internal  field  is  of  lowest  en¬ 
ergy  for  applied  fields  below  the  saturating  field  of 
4tI^/3.  For  intermediate  particle  sizes,  the  field 
range  over  which  the  multidomain  state  is  favored  de¬ 
creases  with  decreasing  diameter,  with  the  fractional 
decrease  in  saturating  field  varying  approximately  as 
(Dc/D).^®)  Thus  the  transition  from  multidomain  be¬ 
havior  to  single-domain  behavior  is  gradual,  and  does 
not  occur  abruptly  at  D=DC. 


K)  (0  (M 


Critical  Particle  Sizes 

There  are  three  different  size  parameters  of 
significance  to  single-domain  behavior.'®1  These  are 
Dc  =  1,4y/M|,  bc  =  2A£/Ms,  and  6=  n(A/K)£.  where 
Mg  is  saturation  magnetization,  K  is  ir.agnetocrystal- 
line  anisotropy,  A  is  the  exchange  constant  and  \  =  4{AK)* 
is  the  domain-wall  energy  per  unit  area. 

The  first  parameter,  Dc,  is  the  diameter  of  a 
sphere  below  which  a  single-domain  structure  is  oi 
lower  energy  at  uero  field  than  a  multidomain  struc¬ 
ture.  The  dimension  bc  is  the  cylinder  diameter  be¬ 
low  which  magnetization  reversal  by  coherent  rota¬ 
tion  is  favored  over  the  incoherent  curling  process. 
The  third  parameter,  6,  is  the  width  of  a  domain  wall. 

The  three  parameters  are  related  through  bc 
c”i(Dc5)2.  The  rat  •*  DC/6“K/M|  is  a  measure  of  the 
relative  importance  of  crystal  and  shape  anisotropies. 
In  most  Co5R  compounds,  crystal  anisotropy  domi¬ 
nates,  i.  e. ,  K»M|.  The  various  size  parameters 
for  these  compounds  are  typically  r.c“lii,  be*"  400  A, 
and  6e-60 A  •  In  contrast,  in  pure  cobalt,  all  threeslze 
parameter  are  of  the  same  order  of  magnitude,  about 
150A  to  30oA.  In  iron  and  nickel,  Dc  <6. 


Fig.  1  (a)-(c):  Equilibrium  magnetization  curves  for 
spheres  of  various  diameters,  (d)-(f):  Ideal  hyster¬ 
esis  curves  for  same  particles,  assuming  n»be. 
Coercivity  is  (2K/MS)  -NXMS. 

These  equilibrium  curves  correspond  to  lowest- 
energy  states,  and  it  is  the  energy  barriers  between 
these  states  that  lead  to  hysteresis  and  coercive 
force.  In  particular,  micromagnetic  theory'101  in¬ 
dicates  that  a  fully  saturated  magnetization  state  is 
very  stable.  For  a  saturated,  defect-free  ellipsoid 
of  rotation  with  D<bc,  the  second  size  parameter, 
this  theory  predicts  that  magnetization  reversal  can¬ 
not  be  nucleated  until  the  application  of  a  reverse 
field  -Hn  2K/Mgt  (Ns-Nx)  Ms,  where  Nx  and  N2  are 
the  longitudinal  and  transverse  demagnetizing  factors. 
This  field  corresponds 
rotation,  i.  c. ,  Stoner- 
D>bc,  nucleation  can  occur  via  the  curling  mode  at  a 
lower  field,  which  approaches  2K/M0-N1Mg  for  I>'^bc. 
For  materials  for  which  I^>Ms,  such  as  CoBSm, 
this  decreases  in  nucleating  field  provided  by  curling 
is  minor.  The  magnetization  cur"es  predicted  bj 
micromagnetic  theory  for  defect-free  particles  me 
shown  In  the  bottom  half  of  Fig.  1.  For  D»bc,  the 
predicted  coercivity  is  size-independent  (Brown's 
paradox). 


to  the  coercivity  for  coherent 
Wohifarth'111  behavior.  For 
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For  any  real  particle,  the  magnetization  curve 
for  each  size  range  m  ist  fall  between  the  two  limiting 
curves  at  the  top  and  bottom  of  Fig.  1,  i.  e. ,  between 
equilibrium  and  ideally  hvait retie  behavior.  Defects 
play  two  contrary  roles  in  determining  wliei  e  the  real 
part  cle's  magnetization  curve  will  fall.  On  the  one 
hand,  they  can  provide  sites  for  heterogeneous  nu- 
cleation  of  magnetization  reversal,  ard  theieby  aid 
the  approach  to  equilibrium.  On  the  otl.  hand,  they 
can  inhibit  the  motion  of  domain  walls,  and  thereby 
oppose  the  approach  to  equilibrium.  Through  these 
two  effects- -nucleation  and  pinning- -defects  can 
therefore  either  decrease  or  increase  coercivity. 

Heterogeneous  Domain  Nucleation 

The  maximum  room-temperature  Hcj  produced 
to  date  with  C'o-Sm  is  43  kOe,'1^)  about  one-seventh 
of  2K/Ma,  the  ultimate  coercivity  piedicted  b^ theory 
(Mj-O).  Mast  magnets  and  powders  ha.e  coeicivities 
coiuidei  aid.,  -'mallei .  Since  cohei  ent  rotation  and 
curling  are  impossible  at  such  low  fields,  it  appears 
likolv  that  1  even  sc  domains  arc  being  nucleated  at 
defects. 

One  poss  ble  cause  for  nucleation  is  high  local 
demagnetizing  fields  at  surface  irregularities  (sharp 
corners  or  pits)^13*15*  or  inclusions.  ^  Although 
the  demagnetizing  field  at  a  muMiematically  sharp 
corner  is  infinite/ 13)  Ai.r^oni  noted  that  a  radius  less 
than  atomic  dimensions  is  unrealistic,  and  for  real¬ 
istic  dimensions  the  maximum  local  demagnetizing 
field  possible  is  about  18MS/*^  When  these 

maximum  demagnetizing  fields  are  much  smaller  then 
'zK'M,,  and  therefore  cannot  directly  explain  the  low 
cocrcivities  observed.  However,  these  aites  will  re¬ 
quire  magnetizing  f.clds  above  18  Ms,  e.  g, ,  about 
15  kOc  for  Co-Sm,  to  remove  re  idual  revcise  do¬ 
mains  and  produce  initial  saturat’^n. 

Another  possible  ru  cleuUon  site  is  a  local  region 
in  which  K  is  .ppreciaLiy  lowered.  In  Co-H  magnets, 
tliio  could  eoiicspoud  to  a  cobalt -lich  legion  produced, 
for  example,  by  preferential  oxidation  of  the  rare 
earth.  Local  elastic  strains,  e.  g. ,  around  a  dislo¬ 
cation,  could  also  decrease  K,  although  magneto- 
strict  Le  constants  would  have  to  he  unusually  high  to 
l  educe  K  to  near  zero  in  a  hlgh-anisoti opv  material 
such  as  C  o-Sm.  Abraham  and  Ain  roni^®)  calculated 
the  reduction  in  nucleation  field  produced  by  a  cvl- 
inder  or  3lab  of  material  with  K  0  ’vir.g  parallel  to 
the  field.  The  reduction  is  substantial  once  the  cyl¬ 
inder  diameter  or  slab  thichnr  s  becomes  larger  than 
",  thr  domain- w’!  width.  Fc_  defects  smaller  than 
j,  exchange  forces  are  sufficient  to  resist  ievers’1 
bv  this  mechanism, 

Anothet  possible  nueleaticn  site  in  ordered  rr.  ig- 
netic  Cl  ,  stals  is  a  stacking  foul..  Magnetic  coupling 
tn  some  stmetures  can  be  greatly  altered  across  a 
fault,  and  may  e.en  be  an’afei  romagnotic/1 Such 
a  fault  may  be  an  easy  nucleation  source  for  a  180'’ 
domain  wall. 


Kven  after  a  small  reverse  domain  has  been 
formed  at  a  defect,  the  domain-wall  surface  energy 
y  can  resist  its  expansion/30*  2 ^  For  example,  cal¬ 
culations  for  plane  domains  in  spherical  particlcs^“"^ 
and  cylindrical  domains  in  plates^  show  an  energy 
barrier  opposing  domain  growth  until  the  domain 
reaches  ..  critical  breakaway  size.  The  calculated 
size  decreases  with  increasing  field,  and  perhaps 
breakaway  can  nrst  occur  when  this  size  equals  the 
size  of  the  defect.  For  the  case  of  a  cylindr  .  ’  do¬ 
main  in  a  plate  of  thickness  T,  a  domain  nucleated  at 
a  defect  of  size  &  would  then  break  away  at  a  field  of 
-lin  -  (v/2Ms£)  -  (32Ms4/T)-4*tMs.  The  first  term 
represents  the  resistance  to  breakaway  provided  by 
wall  energy.  For  CosSm  and  4=500^,  this  term  is 
about  10  kOc. 


The  likelihood  of  i  particle  containing  a  defect 
capable  of  nucleating  a  reverse  domain  is  expected 
to  decrease  with  decreasing  particle  size.  Thus  when 
nucleation  controls  coercivity,  coercivity  increases 
as  particle  size  decreases.  Attempts  to  explain  the 
experimei  tally  observed  variations  of  coercivity 
with  size  have  been  made  from  domain  models  using 
arbitrary  assumptions  about  the  size  or  height  of  en¬ 
ergy  barriers  that  ran  be  overcome^22)  or  models 
based  on  the  statistical  probability  of  effective  nu- 
cei  in  particles  of  a  given  size.^10) 

Domain-Wall  Pinning 


Local  variations  in  magnetic  properties  can 
produce  local  variations  in  domain-wall  energy  and 
thereby  produce  forces  th  i*  rcsisi  wall  motion.  Mon- 
magnetic  inclusions,  for  example,  produce  an  attrac- 
•ive  force  because  of  a  reduction  in  both  wall  energy 
and  dem  ignetizing  energy.  The  former  is  more  im¬ 
portant  for  incl  tsions  smaller  than  Dc  in  diameter. 

If  the  pinning  centers  are  few  and  widely  spaced,  the 
wall  is  presumed  to  bow  between  pins,  and  theory 
.>2  edicts  an  intrinsic  coercivity  proportional  to 
v.Ms\,  where \  is  the  spacing  between  pins/2 ''  If 
the  density  of  pinning  centei  s  becomes  high,  the  prob¬ 
lem  becomes  much  more  complex,  and  coercivity  is 
no  longer  proportional  to  y/2'*' 

Zijlstrff23'  and  Westennoiq/2®)  suggested  a 
midcl  in  winch  pinning  centers  do  not  exist  through¬ 
out  a  particle,  but  only  within  a  surface  lavei .  Pos¬ 
sible  pinning  centers  include  inclusions,  dislocations, 
stacking  faults,  and  surface  irregulai  ities.  If  nucle¬ 
ation  sites  for  reverse  domains  also  ex  si  within  this 
lay  ci ,  then  these  pinning  centers,  although  only  local  can 
limit  the  expansion  ol  the  reverse  domains  and  there¬ 
by  influence  coercivity.  If  these  pinning  centers  are 
limited  only  to  the  immediate  vicinity  of  the  nucleation 
site,  this  model  becomes  difficult  to  distinguish  from 
a  nuck  .tion  model.  A  local  region  of  closely  spacer! 
pinning  sites  oi  a  stacking  fault'2®)  could  also  serve 
to  retain  ^  residual  reverse  domain  to  high  magno- 
tiz»  .g  fields,  a..d  thereby  create  a  subsequent  nu- 
clcation  site. 


#?jr  * 


It  has  recently  been  suggested  that  m  some  ma¬ 
terials  with  large  values  of  the  ratio  K/A  the  domain 
wall  may  be  thinner  than  predicted  by  the  standard 
expression  for  i.'  These  narrow  wa'ls  may  pro¬ 
duce  .m  intrinsic  latt’ce  resistance  to  noma  in  wall 
motion  analogous  to  the  Peierls  force  that  resist  eon- 
location  motion.  This  will  probably  provide  little  wail 
coercivity  at  room  temperature,  but  the  narrow -wall 
structure  may  alter  v  and  its  dependence  on  K  and  A. 

Particle  Interaction 

When  an  assembly  of  particles  is  aligned  and  sin¬ 
tered  into  a  dense  compact,  it  is  no  longer  reasonable 
to  consider  the  particles  as  fully  independent.  At  the 
very  least,  each  grain  will  have  strong  magnetostatic 
interaction  with  neighboring  groins.  The  reversal  of 
neighbors  along  the  field  direction  will  produce  extra 
fields  tor  ding  to  reverse  a  grain's  magnetization, 
whereas  the  reversal  of  neighbors  in  the  direction 
transverse  to  the  field  will  produce  the  opposite  effect. 
The  most  extreme  case  will  be  the  field  on  a  trans¬ 
verse  plane  of  unreversed  particles  if  the  entire  re¬ 
mainder  of  the  sample  is  reversed.  This  will  prodt.ee 
a  field  of  8rtMs  tending  to  reverse  the  magnetization  of 
that  plane.  If  a  single  spheric  .1  grain  remains  unro- 
versed,  the  reversing  field  will  be  8nMg/3<  Inaligned 
grains  will  have  more  complex  effects. 

If  sintering  produces  actual  exchange  cont  ict  be¬ 
tween  spins  in  neighboring  grains,  magnetization 
reversal  can  proceed  directly  from  grain  to  grai  l  iy 
wall  motion  unless  the  boundaries  provide  sufficient 
pinning  sites.  Possible  pinning  sites  are  dislocations, 
voids,  and  oxide  particles.  It  is  also  possible  that 
exchange  contact  between  the  grains  is  blocked  by  a 
thin  layer,  perhaps  of  oxide,  or  greatly  weakened  bo 
cause  of  atomic  disorder  in  the  boundary.  Then  each 
grain  can  be  viewed  as  requiring  a  separate  uucle- 
ation  event  to  produce  reversal.  The  results  of 
C.'raik^S)  suggest  the  existence  of  an  effective  gap 
between  grains  in  oriented  barium  fen  ito. 

EXPERIMENT 


Precipitation  Alloys 


Nfesbitt  et  al /2r,>  have  studied  the  magnetic  be¬ 
havior  of  a  single  crystal  of  Co-Fc-Cu-Ce  alloy  heat 
treated  to  produce  a  dispersion  of  very  fine  precipi¬ 
tates  within  a  Co^O-rica  matrix.  In  a  thermally 
demagnetized  specimen,  thev  found  little  magnetisation 
change  at  fields  below  the  eoeicive  field,  and  a  verv 
abrupt  increase  to  near  saturation  at  the  cncicuo 
field.  Since  such  a  specimen  contained  many  domains, 
this  beh.a  lor  Is  chaiacuristtc  not  of  inicleatioii,  but 
of  general  wall  pinning.  Other  e.idence  indicating 
general  wall  pinning  was  a  lack  of  dependence  of  co- 
erctvifv  on  magnetizing  field,  and  tile  abtlitv  to 
achieve  high  roercivlty  in  a  bulk  crystal.  M  ignetlc 
<  iscosity  h.-s  <iso  been  reported.' (  >  8°) 


Single  Particles 


Tile  magnetic  behavior  ot  predomit  ntl>  single- 
phase  Co  II  m  iterlils  is  cohIim-v  *<»  that  lor  the  pre~ 


phase  Co,  11  matei  ials  is  contrary  to  tnat  for  the  pre¬ 
cipitation  alloys.  A  thermally  demagnetized  sample 
can  be  magnetized  to  near  saturation  in  low  fields, 
coercivity  genera.lv  increases  with  increasing  mag¬ 
netizing  field,  and  lngn  coereivities  arc*  attained  only 
in  fine  particles  ui  sintered  assemblies  of  particles 
(Refs.  3,  25,  30,  31).  These  characteristics  indicate 
that  general  wall  pinning  is  low  and  suggest  that  coer¬ 
civity  is  dominated  by  domain  nueleation.  Direct 
magnetization  studies  of  single  particles  of  other  uni¬ 
axial  hard  magnet!'-  materials,  such  us  orthoferrites 
(Refs.  32-3*1),  MnB'/38)  and  Mnfla/3®)  show  that  nu- 
cleation  determines  coei  civity  in  these  m  itcrials. 
However,  the  results  of  similar  studies  on  single 
fine  particles  of  CoER  compounds  arc  more  complex. 
While  confirming  Mie  importance  of  domain  nueleation, 
they  indicate  that  local  wall  pinning  can  influence  co¬ 
ercivity  in  some  cases. 

Consider  the  experimental  magnetization  curves 
in  Pigs.  2  through  5  .  The  particle  in  Pig.  2  shows 
simple  rectangular-loop  betiav  inr,  similar  to  the 
bottom  of  Fig.  1,  but  with  a  much  smaller  coercivity 
(Ref.  37).  In  this  particle,  once  the  rev  e>  sc  domain 
was  nucleated,  it  swept  through  and  completely  re¬ 
versed  the  particle  magnetization,  lhc  nueleation 
field  and  coercivity  were  identical.  In  I-  ip.  3,  a  do¬ 
main  nucleated  and  moved  .abruptly  to  a  near- equilib¬ 
rium  position/38)  It  then  moved  to  m.int'un  zero 
internal  field,  approximating  the  oqiul.h  *um  behavior 
of  Fig.  1(c),  but  modified  by  a  slight  wall  coercivity. 

However,  the  behavior  of  the  pai  tides  in  I- igs.  4 
and  5  is  not  so  clcarcait.  I  lie  lust  shows  twe  ulstinct 
magnetization  discontinuities  sepal  ated  by  a  ■  *gion 
of  gradual  change.  Becker1'’3)  interpreted  this  as 
the  sum  ol  two  magnetization  loops,  one  similar  to 
Fig.  2  and  one  sinillai  to  1  ig.  3  (hut  with  iuick*ution 
at  a  negative  applied  field),  lie  suggested  that  a 
small-angle  boundary  divided  the  pai  tit  le  into  two 
m  ignatically  independent  regions.  1  la*  particle  in 
Fig,  5  shows  an  extensive  region  of  gracln.il  mag¬ 
netization  change,  presumably  corresponding  to 
gradual  wall  motion,  before  the  occur?  cnee  ot  a  jump, 
".iylsll  a*33*  >8  illlc-l  pi  fled  this  as  Wall  motion  lim¬ 
ited  bv  pinning  in  parts  of  the  crystal,  but  not  mother 
parts.  The  minor  loops  shown  for  demagnetized 
particles  confirm  that  wall  motion  is  vast  owrlutgo 
portions  of  the  (-article. 

In  I-'igs.  2  and  3,  the  nueleation  of  mu*  rover  -*e 
domain  was  sufficient  *o  re.ei.-u  the  pai  tide  m  ip- 
noti.alionoi  reach  sppi ox imatelv  equmiu  mm  be¬ 
havior.  In  I  Igs.  1  and  5,  howe.ei,  the  inielealinii  of 
one  rezerse  domain  w  is  insufficient,  and  a  .-Hugh 
barrier  to  wall  motion  or  >  i  egioa  «M  pinning  i.'iong  y 
influenced  magnetization  "  vcl.d. 

The  i  el  it  tv  e  impoiiant  i*  of  d*»la  *.n  u.u  .eati-mancl 
local  v.aH-pin nag  ‘  <rn  ,  preath  ft*  an  particle  to 
particle,  and  tin*  property*-,  of  various  powders  and 
sintered  imgiiels  m  i\  he  lntlm.  nful  in  both.  I’rag- 
m.iticallv,  the  go  il  is  to  Increase  coeroivitv.  \  nu- 
ele.itlon-doniinatid  model  mii -nest  -.  we  want  to 
decrease  defer  t  dou-atv,  whole. is  .*  pliuilop -dominated 
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Fig.  3  Hysteresis  loop  of  200p  COgSm  particle 
[from  Benker(38']. 

model  suggests  we  want  to  increase  defect  density. 
Most  evidence  points  to  the  former  alternative.  How¬ 
ever,  incomplete  evidence  of  the  nature  of  the  impor¬ 
tant  defects  and  their  connection  with  processing  vari¬ 
ables  sometimes  makes  interpretation  ambiguous. 

Single-particle  experiments  have  shown  that  in¬ 
creasing  magnetizing  field  increases  the  reverse 
field  necessary  for  domain  nucleation  in  a  stepwise  way 
(Ref.  39).  This  suggests  that  residual  domains,  main¬ 
tained  by  local  demagnetizing  fields  or  local  pinning, 
are  serving  as  reversal  nuclei,  and  require  specific 
magnetizing  fields  to  remove  them.  Similar  obser¬ 
vations  have  been  made  on  orthoferrite  crystals/32"34) 
Because  of  their  low  magnetization,  orthoferrites 
have  a  very  large  Dq,  and  single-domains  behavior  is 
approached  with  dimensions  of  several  mm.  This 
allows  direct  optical  observation  of  domain  through¬ 
out  the  hysteresis  loops.  Nucleation  of  domains  is 
seen  to  occur  at  specific  locations  in  the  crystal, 
sometimes  identifiable  as  the  location  of  a  residual 
domain.  When  the  magnetizing  field  is  sufficiently 


Fig.  4  Hysteresis  loop  of  50n  Co8Sm  particle  [from 
Becker<3«)). 


Fig.  5  Hysteresis  loop  of  buC^m  particle  [from 
Zijlstra'33']. 


large  to  remove  the  residual  domain,  nucleation  oc¬ 
curs  at  another  location  at  a  larger  field.  It  was 
found  that  mechanical  polishing  made  nucleation 
easier  and  annealing  made  it  more  difficult,  suggest 
ing  dislocations  as  favered  sites  for  magnetization 
reversals/34, 4") 

If  individual  magnetization  discontinuities  in  a 
single  particle  can  be  associated  with  individual  de¬ 
fects,  the  dependence  of  the  nucleation  fields  onvari 
ablcs  such  as  temperature  or  field  orientation  may 
shed  light  on  the  nature  of  the  defects.  Becker  has 
reported  that  two  such  fields  in  one  particle  had  dif¬ 
ferent  temperature  dependences.  '  The  1/cos  0 
dependence  of  cocrcivity  expected  for  180°  domain- 
wall  motion'42'  was  found  displaced  from  9*0  in  som 
particles,  suggesting  amisorierted  region  as  the 
defect  site/43' 
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Powders 

Coercivity  of  CoBR  powders  fiist  increases  and 
then  decreases  with  increasing  grinding  time.  i.  e. , 
with  decreasing  particle  sizeP*  -»  7*  30»  The  de¬ 
crease  for  fine  si/.es  is  usually  ascribed  to  the  plas¬ 
tic  deformation  produce  by  grinding.  Consistent  wltn 
this  interpretation  are  the  higner  coercivities 
obtained  by  grinding  at  liquid  nitrogen  temperature 
(Refs.  7,  44,  45,  82). 

McCurrie  et  al.(‘»S)  have  observed  a  difference  in 
mechanical  hardness  behavior  between  CosLa  and 
Co8Sm.  They  conclude  that  plastic  deformation  will 
occur  less  easily’  in  Co5Sm,  and  suggest  that  may  ex¬ 
plain  why  higher  coercivities  are  attained  in  that  com¬ 
pound.  A  difficulty  with  this  explanation  is  that 
Co5Ce  has  similar  hardness  properties  tj  Co5Sm,  but 
has  low  coercivities  in  ground  powder,  like  CoBLa 
(Ref.  47). 

Etching  ground  particles  in  various  chemical 
reagents  usually  increases  the  coercivity.  some¬ 
times  as  much  as  twenty-foldJ3*  37»  48,  83)  'fiRs  may 
be  caused  by  the  removal  of  mechanically  damaged 
surface  layers,  in  which  dislocations  and  stacking 
faults  had  been  serving  as  nuclealior  sites.  However, 
etching  has  also  been  observed  to  decrease  coercive 
force  in  some  cases,  which  was  explained  by  the  re¬ 
moval  of  a  surface  pinning  layer  ,(23* 

With  long  holding  times  at  room  temperature  or 
slightly  elevated  temperatures,  the  coercivity  of  pow¬ 
ders  gradually  drops/3®*  48,  80)an  cffect  that  depends  on 
contact  with  ox/gen(49)and  can  be  avoided  or  slowed 
by  appropt  iately  coating  the  particle/48.  50,  82,  83) 
This  aging  phenomenon  may  be  caused  by  the  creation 
of  low- K  cobalt-rich  surface  regions  by  preferential 
oxidation  o*-  the  rare  earth. 

As  mentioned  earlier,  thermally  demagnetized 
CosR  powders  can  be  magnetized  to  near  saturation 
in  low  fields,  indicating  that  general  wall  pinning  is 
low.  Coercivity  is  sensitive  to  magnetizing  field, 
indicating  that  nuclcation  from  residual  domains  is 
controlling  coercivity.  Becker  studied  the  angular 
dependence  of  the  dependence  of  coercivity  on  mag¬ 
netizing  field,  and  found  it  consistent  with  a  model 
based  on  the  motion  of  180  ’  domain  walls  and  par¬ 
ticular  assumed  distributions  of  individual  particle 
coorcivitiesf51)  McCurrie^52* 53*  has  used  demag¬ 
netizing  remancncc  curves  as  a  means  of  estimating 
coercivity  distributions,  a  technique  tnat  depends  on 
questionable  assumptions  about  the  shape  of  the  mag¬ 
netization  curves  of  individual  particles. 

Zijlstra*23*  measured  minor  loops  at  various 
positions  along  the  reversal  portion  of  the  major 
hysteresis  loop,  and  noted  a  nonzero  susceptibility  v 
which  seemed  likely  to  be  caused  by  reversible  cMs- 
placcmcnts  of  domain  walls.  He  then  noted  that  x 
and  coercivity  Hci  varied  wiMi  heat  treatment  of  the 
powders  such  that  y.ncia  remained  constant.  He  ex¬ 
plained  this  correlation  with  a  wall-pinning  model. 
This  Interesting  result  cails  for  further  investigation. 


Annealing  at  temperatures  near  1000°C  can  in¬ 
crease  coercivity,  perhaps  because  of  the  annealing 
of  defects  produced  by  grinding.  However,  annealing 
of  Co5Sm  in  the  vicinity  of  700"C  can  substantially 
reduce  coercivity,  an  effect  that  can  be  reversed  by 
a  subsequent  anneal  at  100(fC  (Fig.  6).  Recent  evi¬ 
dence  indicates  that  the  deleterious  effect  of  inter- 
mediate-temperature  heat  treatments  may  be  caused 
by  a  eutectoid.il  decomposition  of  CoBSm  intoColTSm3 
and  Co,  Smf,  thereby  producing  nuclei  for  easy  mag¬ 
netization  reversal.'®** i  55) 

Westendorp  noted  a  similar  dependence  of  coer¬ 
civity  on  heat  treatment  for  Co^l’r,  but  noted  that 
coercivity  always  remained  about  five  times  smaller 
than  for  CosSm  (Fig.  6).*^  From  domain-width  ob¬ 
servations,  he  concluded  that  the  domain-wall  energy 
for  CogSm  was  larger  than  for  other  Co5R  compounds, 
and  suggested  that  the  resulting  increased  wall-pin- 
ning  forces  might  explain  the  higher  coercivities  of 
CogSm.  More  detailed  measurements  have  recently 
confirmed  that  the  wall  energy  of  CosSm  is  higher 
than  for  the  other  compoundu.'®7'  It  was  noted  that 
this  also  leads  to  higher  values  of  D0,  so  that  to 
grind  the  other  compounds  to  an  equivalent  D /  Dc  re¬ 
quires  finer  particle  sizes  and  therefore  more  me¬ 
chanical  damage  and  oxidation.  This  was  suggested 


Fig.  6  Coercivity  vs  annealing  temperature  for 
Cor.Sm  and  Co8Pr.  Dashed  lines  for  as-ground 
specimens.  Solid  linos  after  initial  anneal  near 
1000'’ C  (from  \VestenJorp^56*|. 
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as  another  possible  , eason  fo.  the  supenor  proper¬ 
ties  of  COiSm.  Domain  measurements  were  also  used 
to  estimate  Dc  for  various  17-2  and  7-2  compounds, 
and  ,t  was  found  that  only  CcuGd  and  C  7Cd?  had  lar¬ 
ger  Dc  values  than  Co6Sm/®‘*  In  both,  of  these 
compounds,  high  coerci.ities  are  easily  attained  in 
ground  powders}/®®) 

Sintered  Magnets 

Domain  studies  on  sintered  CosSm  magnets^®®) 
show  that  each  grain  contains  several  domains  in  the 
thermally  demagnetized  condition,  and  that  these  do¬ 
mains  move  about  easily  throughout  most  of  the  ma¬ 
terial.  Hence,  general  wall  pinning  remains  low. 

Once  the  magnet  is  magnetized,  however,  most  grains 
apparently  reverse  abruptly  in  a  "single-domain" 
process,  and  only  a  minority  of  grains  show  an  in¬ 
ternal  domain  structure.  Individual  grains  can  resist 
reversal  to  high  fields  despite  the  early  reversal  of 
neighboring  grains,  indicating  either  strong  pinning 
at  the  grain  boundary  or  no  exchange  contact  between 
grains. 

The  coercivity  of  sintered  CogSm-bnsed  magnets 
depends  sensitively  on  composition,  sintering  tem¬ 
perature  and  time,  and  post-sintering  heat  tieatment 
(Refs.  1,  25,  61  36).  Maximum  coercivity  occurs 
when  the  Co-Sm  phase  reaches  the  Sm-rich  limit  of 
its  composition  range/67-  68)(Total  Sm  content  would 
be  well  into  the  two-phase  range,  but  account  is  taken 
of  the  Sm  tied  up  in  the  form  of  Sms03. )  It  is  not  yet 
clear  how  much  of  this  composition  sensitivity  is 
caused  by  a  dependence  of  K  on  deviations  from  stoi¬ 
chiometry,  and  how  much  is  caused  by  a  change  in 
defect  distribution.  I3cnz  and  Martin^®7)  have  suggested 
that  cobalt  vacancies  present  in  hypcrstoichiometric 
alloys  not  only  accelerate  sintering,  but  also  aid 
coercivity.  The  deleterious  effect  of  heat  treatments 
near  700°C  is  probably  caused  by  eutectoid  decompo¬ 
sition,  as  mentioned  above.  The  beneficial  effect  of 
beat  treatment  near  900°C  may  result  from  the  dis¬ 
solution  of  cobalt-rich  regions  associated  with  re¬ 
sidual  composition  inhomogcncities^®0)  or  formed  by 
eutectoid  decomposition  during  prior  cooling. 

Several  investigators  have  produced  good  prop¬ 
erties  in  sintered  magnets  by  blending  together  pow¬ 
ders  of  two  different  compositions,  one  of  which  is 
rare -earth-rich  and  liquid  at  the  sintering  temper- 
ature.'l>70'  This  and  other  observations  ledSchweizer 
et  al_/'U  to  suggest  a  modification  of  Zijlstra's 
surface-pinning  theory  in  which  each  CocSm  gram  is 
presumed  enclosed  by  an  epitaxial  Co7Sm?  shell, 
which  -nntaina  pinning  sites  However,  there  has 
been  no  diiect  evidence  of  die  existence  of  such  a 
shell,  and  experience  indicates  that  high  cocrcivitics 
can  al».  i  be  obtained  without  the  use  of  a  liquid-phase 
sintering  additive, 

Martin  md  Hen/72'  recently  measured  the  tem¬ 
perature  dt  pr-ndencr  of  coercivity  in  a  number  of 
sintered  magnets  of  i .awing  t  JcicUity,  and  found  that 
the  r<  salts  rould  all  be  normalized  to  a  single  curve 


lepi esenting  the  increase  of  relative  coercivity  with 
decreasing  temperature  (Dig.  7),  They  also  measured 
the  temperature  dependence  of  the  amsut,-upy  constant 
lx  for  one  of  these  magnets,  and  found  it  identical  to 
the  temperature  dependence  of  coercivity  (I*  lg.  S).  ' 

This  suggests  that  thermal  activation  pi  iys  no  major 
role  in  producing  the  temperature  dependence  of 
coercivity.  This  is  in  contrast  to  the  view  of  other 
worKers^’2,  74 »  75)  who  had  noted  that  coercivity  was 
much  more  temperature-dependent  than  the  anisotropy 
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Fig.  7  Relaii.e  coeicivity  vs  tempeiuturo  for  a  series 
of  Co6Sm  sinteied  magnets  [from  Martin  and  Benz'72)]. 
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Fig.  8  Coercivity  vs  anisotropy  constant  (measured 
at  various  temperatures)  for  a  Co5Sm  sintered 
magnet  [from  Benz  and  Martin'73'). 

constants  reported  b>  Tatsumoto  ct  aifo)  However 
since  the  anisotropy  measurements  of  Benz  and 
Mjrtin  were  obtained  with  much  larger  measuring 
fields,  they  are  probably  more  reliable.  Because  of 
the  likely  variation  of  K  with  deviations  from  stoi¬ 
chiometry,  it  is  also  highly  desirable  to  measure  co- 
ercivlty  and  K  on  the  same  samples,  as  '  d  Benz  and 
Martin.  Nesbitt  et  al/2ri) measured  coeicivity  and  !\ 
on  a  single  crystal  of  a  Cn-Fc-C'u-O  alloy,  in  which 
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coercivity  is  controlled  by  general  wall  pinning.  Most 
of  the  temperature  dependence  of  coercivity  could  be 
explained  by  the  temperature  dependence  of  K  in  this 
case  as  well. 

Domain  studies  of  sintered  magnets  water- 
quenched  from  high  temperatures  have  shown  the  ex¬ 
istence  of  a  surface  layer  of  low-coercivity  grains  about 
20fta  thick/  This  layer  accounts  for  the  kinked  mag¬ 
netization  curves  previously  reported/77)  Further 
studies  indicate  that  this  layer  is  caused  by  thermal 
stresses  produced  from  the  temperature  gradients 
during  quenching/7®' 

CONCLISIONS 

Since  coercivities  so  far  .  tai.ied  arc  far  below 
2K/MS,  it  is  clear  that  coherent  rotation  or  incoher¬ 
ent  rotation  processes  such  as  curling  do  not  operate. 
Except  in  the  copper-bearing  precipitation  alloys,  gen¬ 
eral  wall  pinning  is  low.  Domain  nuclcalion  and  local 
wall  pinning  both  influence  coercivity,  and  are  even 
interrelated  in  some  models.  However,  since  most 
experiments  suggest  that  defects  decrease  coercivity, 
coercivity  appears  to  be  limited  primarily  by  domain 
nucleation. 

The  specific  defects  responsible  for  nucleation, 
or  for  local  pinning,  have  not  been  conclusively  iden¬ 
tified.  The  effects  of  low-temperature  aging  of  pow¬ 
ders,  and  of  composition  and  heat  treatment  on  sin¬ 
tered  magnets,  suggest  that  low-K  cobalt  .ich  re¬ 
gions  may  serve  as  defects  for  domain  nucleation. 

The  effects  of  grinding  on  powders  and  of  thermal 
stresses  on  sintered  magnets  suggest  that  plastic  de- 
lormation  may  produce  nucleation  sites,  presumably 
either  dislocations  or  stacking  faults. 

The  superiority  of  CofcSm  to  othe*’  cobalt-rare 
earth  compounds  is  attributable  in  part  to  the  higher 
K,  which  results  in  a  higher  v  and  a  higher  1^..  Another 
possible  factor  is  less  sensitivity  of  K  to  composition, 
particularly  increases  in  cobalt  concentration.  (This 
can  be  inferred  from  the  observation  that  Col7Sm,  re¬ 
mains  easv-axis  while  most  of  the  other  com¬ 

pounds  are  easy-plane,  i.  c. ,  they  have  negative  K.  )(®) 

More  information  is  needed  on  the  dependence  of 
K  on  deviations  from  stoichiometry.  Measurements 
of  magnetostriction  coefficients  are  necessary  to 
assess  the  importance  of  dislocations.  (Sonic  data 
already  exist  for  Co-Gd  compounds/78)]  Experimen¬ 
tal  and  theoretical  study  of  various  stacking  faults 
possible  in  these  systems  would  help  assess  their 
importance.  More  metallurgical  work  focused  on  the 
grain  boundaries  hi  sintered  magnets  wouli  uelp  us 
understand  how  neighboring  grains  remain  no  mag¬ 
netically  independent. 
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III.  MATERIALS  CHARACTERIZATION  AND  PHASE  EQUILIBRIUM 

STUDIES 

1.  Studies  of  the  decomposition  of  CosSm  at  elevated  temperatures 
(J.  G.  Smeggil) _ _ 

Cast  Co-Sm  alloys  were  prepared  having  overall  compositions  such  that 
they  consisted  of  two  phases,  either  CosSm  +  Co7Sm2  or  CosSm  +  Coi7Sm2. 
These  alloys  were  annealed  at  7508C  for  periods  up  to  several  weeks.  The 
samples  were  protected  from  oxidation  by  wrapping  in  Zr  and  Mo  foils,  and 
heated  in  an  argon  atmosphere. 

Subsequent  examination  of  these  samples  is  being  carried  out  using  x-ray 
techniques,  analytical  chemistry,  electron  microprobe  analysis,  scanning 
electron  microscopy,  and  optical  metallography.  At  present  this  work  is 
st.ill  in  progress. 

Figures  1  and  2  represent  a  sample  of  Co5Sm  +  Co7Srn2  as  cast  and  as 
annealed  for  21  days.  Electron  microprobe  work  indicates  that  the  back¬ 
ground  phase  is  Co7Sm2  while  the  lighter  patches  are  Co5Sm.  The  striations 
in  the  Co5Sm  regions  of  the  sample  annealed  21  days  are  only  observable 
after  etching.  Scanning  electron  microscopy  of  this  sample  shows  that  the 
lines  are  etched-out  lamelle. 

Similar  studies  of  a  material  containing  Co5Sm  +  Coi7Sm2  again  show  a 
striated  structure  developing  in  the  CosSm  phase  after  extended  periods  of 
annealing. 

Two-phase  alloys  were  used  in  order  that  the  CosSm  phase  could  be 
studied  at  both  ends  of  the  homogeneity  range  present  when  it  is  formed. 
Further  studies  are  under  way  in  single-phase  alloys  of  these  compositions. 
The  objective  is  to  see  whether  the  decomposition  takes  place  as  a  simple 
precipitation  reaction,  or,  as  suggested  by  Bushow,  eutectoidally.  Our 
preliminary  results  suggest  the  former,  rather  than  the  appearance  of  two 
new  phases  from  the  decomposing  phase  required  by  Buschow's  model. 
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Figure  1  CosSm  -1-  C07Sm2.  As  cast.  Etched  with  1  j>  nital  -  5$  hydro!.  1000X 
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Figure  2  CosSm  +  Co7Sm2.  Annealed  21  days  at  750°C.  Etched  with  1$ 
nital  -  5$  hydrol.  1000X 
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IV.  ALLOY  STUDIES 


1.  Preparation  and  examination  of  CosTm,  CosYb,  C05SC,  Co5Eu, 

and  Co5Lu  (J.  D.  Livingston) _ 

Attempts  were  made  to  case  alloys  of  nominal  compositions  correspond¬ 
ing  to  CosTm,  CosYb,  C05SC,  C05EU,  and  C05LU.  The  Co-Tm  casting 
exhibited  a  lamellar  microstructure  (Pig.  1)  which  showed  an  intricate 
pattern  of  magnetic  domains  when  viewed  under  polarized  light  (Fig.  2). 

X-ray  powder  patterns  indicate  the  presence  of  Co5Tm  and  Co7Tm2.  The 
Co-Yb  and  Co-Sc  castings  consisted  of  Co-rich  dendrites  and  an  inter- 
dentritic  eutectic  (Figs.  3  and  4).  X-ray  powder  patterns  indicate  Co,  Coi7Yb2, 
and  possibly  Co5Yb  in  the  former  casting  and  Co2Sc  in  the  latter.  The  Co-Eu 
casting  was  very  inhomogeneous  and  a  portion  was  very  reactive.  No  inter - 
metallic  compounds  were  detected,  but  Eu(OH)3  was  prominent  in  the  x-ray 
patterns.  The  Co-Lu  melt  reacted  violently  and  rapidly  with  the  alumina 
crucible,  and  no  casting  could  be  prepared. 

2.  Variation  of  mechanical  hardness  and  coercive  force  with  post- 

sintering  heat  treatment  (J.  G.  Smeggil) _ 

Hardness  measurements  were  made  on  cylindrical  liquid-phase-sintered 
CosSm  magnets  using  a  Knoop  indenter.  The  samples  were  sintered  at 
1100°C  for  1/2  hour,  then  annealed  at  either  750°,  900°,  or  1100°C  for  1/2 
hour.  A  circular  cross-section  was  polished  on  each  specimen.  A  200-gram 
load  was  applied  to  the  indenter  at  a  rate  of  0.05  mm/sec  for  10  seconds. 

The  hardness  values  and  coercive  forces  observed  on  these  samples  are  as 
follows: 


T(°C) 

KHN  (kg/mm2) 

Hci(kOe) 

750 

541  (±54) 

1.2 

900 

575  (±40) 

20.3 

1100 

618  (±51) 

2.0 

The  hardness  data  are  in  agreement  with  those  reported  in  McCurrie, 

Carswell,  and  O'Neill,  J.  Mater.  Sci.  6,  164  (1970).  Even  though  the  hard¬ 
ness  values  are  the  same  within  experimental  error,  the  coercive  forces 
vary  by  a  factor  of  twenty. 

3.  Diffusion  studies  (D.  L,  Martin) 

Diffusion  couples  have  been  made  between  cobalt  and  a  60  wt$  Sm  alloy. 
The  diffusion  zone  clearly  shows  layers  of  17-2,  5-1,  7-2,  and  3-1  compounds. 


1 


Magnetic  domain  observations  indicate  that  the  5-1  phase  is  oriented  with 
its  c-axis  along  the  diffusion  direction.  These  studies  are  designed  to 
elucidate  the  reactions  occurring  in  the  sintering  process  and  to  aid  in  the 
positive  identification  of  phases  observed  by  optical  metallography  in  cast 
alloys  and  sintered  magnets.  Preliminary  results  are  definitely  encouraging 
and  indicate  that  this  technique  will  be  a  valuable  tool. 
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4.  COBALT-SAMARIUM  PERMANENT  MAGNET  ALLOYS: 
VARIATION  OF  LATTICE  PARAMETERS  WITH 
COMPOSITION  AND  TEMPERATURE 


D.  L.  Martin,  M.  G.  Benz,  and  A.  C.  Rockwood 
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SUMMARY 


Previous  studies  have  shown  that  the  magnetic  prop¬ 
erties  of  CosSm  permanent  magnets  are  greatly  improved 
when  the  composition  after  sintering  is  hyperstoichiometric 

(Sm  rich). 

In  this  study,  x-ray  lattice  parameters,  chemical 
composition,  phase  identification  by  metallography  and 
magnetic  properties  have  been  measured  for  a  series  of 
closely  spaced  composition,  in  order  to  determine  conclu-j 
sively  the  phases  present  at  the  optimum  composition. 
From  these  observations,  one  can  conclude  that  the  peak 
magnetic  properties  do  indeed  occur  when  the  composition! 
is  hyperstoichiometric;  i.  e. ,  close  to  the  CosSm-Co7Sm2 
phase  boundary  as  determined  by  x-ray  measurements, 

18.  85  at  .  %  Sm  as  determined  by  measurements  of  the 
chemical  composition. 

In  addition,  changes  in  lattice  parameter  with  temper 
ture  over  the  range  77°  to  300°K  are  reported. 
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COBALT-SAMAHIUM  PERMANENT  MAGNET  ALLOYS: 

VARIATION  OF  LATTICE  PARAMETERS  WITH  COMPOSITION  AND  TEMPERATURE 


P.  L.  Martin,  M.  G,  Benz,  and  A.  C<  Rockwood 


INTRODUCTION 

The  peak  magnetic  properties  for  Co6Sm-tjpe 
magnets  are  obtained  in  alloys  with  samarium  in  ex¬ 
cess  of  the  stoichiometric  composition  ,  that  is,  about 
37  wt%Sm  vs  33.  8  wt%  Sm  in  CojSm,  '*-^The  samar¬ 
ium  in  the  magnet  sample  may  be  present  as  cobalt- 
samarium  alloy  phases  or  as  samarium  oxide.  Oxygen 
is  unavoidable  in  these  alloys  because  of  the  high  re¬ 
activity  of  powders  containing  samarium.  A  sintered 
magnet  might  contain  as  much  as  0. 4  wt%  oxygen. 

This  amount  of  oxygen  would  combine  with  2.  5  wt% 

Sm  to  form  2.  9  wt%  Sma03.  Therefore,  it  is  impor¬ 
tant  to  adjust  for  Smj,03  in  de'ermimng  the  amount  of 
samarium  available  to  combine  with  the  cobalt. 

In  a  recent  study,^  we  showed  that  the  peak  in¬ 
trinsic  coercive  force,  Hci,  occurred  at  an  adjusted 
composition  of  17.  3  at  .%  samarium  compared  to 
1G.  7  at  .  %  samarium  for  stoichiometric  CogSm.  A 
correlation  was  observed  also  between  sintering 
shrinkage  and  coercive  force.  The  alloys  showing 
the  greatest  shrinkage  also  possessed  the  highest  co¬ 
ercive  force.  A  model  for  the  mechanism  of  sinter¬ 
ing  was  postulated  where  the  slow  step  was  the  diffu¬ 
sion  of  samarium  atoms  in  the  grain-boundary  regions 
via  a  samarium-atom-cobalt-vacancy  cluster  exchange 
mechanism.  Central  to  the  considerations  advanced 
for  the  sintering  model  are  the  point  defect  struc¬ 
tures  which  lead  to  a  broad  CoeSm,  homogeneity  re¬ 
gion  extending  beyond  the  stoichiometric  composition 
to  higher  samarium  alloys.  Such  a  region  has  been 
reported  to  exist  above  800°C  and,  at  1200°  to  130Q°C 
to  extend  from  14.  5  at  .%  Sm  to  the  hyperstoichiomet- 
ric  composition  of  17.0  at  .%  Sm.^ 

EXPERIMENTAL 

The  samples  were  prepared  by  careful  blending 
of  two  powders  using  different  ratios  lo  vary  the  com¬ 
position.  The  chemical  compositions  (wtTo)  df  the 
base  metal  and  additive  powder  were  as  follows: 

Co  Sm  0a  N1  A1 
Base  65.4  33.  9  0.24  0.05  0.05 

Additive  39.4  59.6  0.76  0.19  <0.01 

These  powders  were  blended  into  12  closely  spaced 
mixes  covering  the  range  16.  25  to  17. 5  at .%  Sm  after 
adjusting  for  Sm3  03 .  The  blended  powders  were  aligned, 
pressed,  and  sintered  for  l  hour  1120,JC  in  argon. 

The  samples  were  cooled  slowly  from  the  sintering 
temperature  to  OOff'C,  and  then  rapidly  in  a  cooling 
chamber.  The  chemical  composition  of  Sample  F  was 
determined  by  analytical  means  as  a  check  on  the 
calculated  compositions.  Its  composition  was  found 
to  be:  64.  0  wt%  Co,  35.2?-.  Sm,  0.05%  Ni,  0.05%A1, 
and  0.  33%  0a.  This  corresponds  to  an  adjusted  alloy 


composition  of  16.  85  at.%  Sm  as  compared  to  the 
value  of  16.  84  at  .%  Sm  calculated  from  the  analyses 
for  the  base  metal  and  additive  powders.  This  agree¬ 
ment  is  better  than  is  to  be  expected  in  view  of  an  ex¬ 
perimental  error  of  ±0.2  wt%  for  Co  and  Sm  analysis; 
nevertheless,  it  does  give  credence  to  the  accuracy 
of  the  blending  procedure. 

RESULTS  AND  DISCUSSION 

X-ray  Parameter  Data. 

The  lattice  parameters  were  determined  from 
the  powder  diffraction  x-ray  data  (Co-K^and  Fe- 
radiation)  by  well-known  methods.  The  and  c0 
results  are  plotted  in  Fig.  1  together  with  the  density 


Fig.  1  Change  of  Co5Sm  lattice  parameters  and  den¬ 
sity  with  adjusted  samarium  content. 

Tho  x-ray  parameter  values  for  Co6Sm  become 
constant  for  alloys  containing  more  than  16.85  at .  % 
Sm.  The  constant  level  of  the  x-ray  parameters 
signifies  a  two-phase  field,  and  the  inflection  point 
indicates  the  end  of  the  Co8Sm  phase  field  and  the  be¬ 
ginning  of  the  Co6Sm  *■  Ca,Sma  two-phase  field.  X-ray- 


Manuscript  Received  11/10/72 


1 


diffraction  methods  are  generally  insensitive  to  small 
volume  fractions  of  a  second  phase  so  that  the  pres¬ 
ence  of  the  Co7Sma  phase  was  detected  first  by  x-ray 
means  in  Sample  I  (17.  2  at  .%  Sm).  Microscopic  ex¬ 
amination  is  a  more  sensitive  method  and  it  showed 
small,  isolated  Co7Sma  particles  m  Sample  E  (16.72 
at  .  %  Sm). 


density  peaks,  and  the  lattice  parameter  values  be¬ 
come  constant.  The  magnetic  properties,  in  partic¬ 
ular  the  Hci  and  llc  values,  drop  rapidly  on  either 
side  of  the  boundary,  although  the  drop  is  more  se¬ 
vere  on  the  eobalt-rich  side  than  on  the  samarium- 
rich  side.  However,  it  should  be  noted  that  Samples 
C  and  D  (16. 48  and  16.  60  at  .  %  Sm),  which  do  not 


The  change  in  the  a0  and  o0  lattice  parameters 
with  composition  below  16.  8  at  .%  Sm  is  evidence  for 
the  existence  of  a  broad  l.omogeneity  range  as  already 
reported.^'  8)  While  our  results  Indicate  that  this 
homogeneity  range  extends  slightly  beyond  the  CoBSm 
stoichiometric  composition  to  higher  samarium  alloys, 
the  chemical  analysis  error  is  such  that  it  is  difficult 
to  determine  the  absolute  position  of  the  stoichiometric 
composition. 

The  lattice  parameter  data  are  in  good  agreement 
with  those  published  by  others  if  one  takes  into  consid¬ 
eration  the  measurement  error.  In  Table  I,  published 
x-ray  data  for  CoESm  samples  located  near  the  CoBSm- 
Co7Sma  boundary  are  compared  with  our  data. 

Density  and  Metallographic  Results 

Note  in  Fig.  1  that  the  density  peaks  near  the 
CoBSm-Co7Sma  boundary  and  falls  rapidly  a  shortdis- 
tance  on  either  side  of  the  boundary. 

The  Co7Sma  phase  was  detected  by  metallographic 
examination  in  Samples  E  to  L.  This  would  place  the 
CoBSm-Co7Sma  boundary  at  about  17.7  at .  %  Sm  com¬ 
pared  to  a  value  of  17. 85  at .%  Sm  as  indicated  by  the 
break  in  the  a0  or  c0  curves. 

Magnetic  Measurements 

The  change  of  magnetic  properties  with  compo¬ 
sition  is  shown  in  Fig.  2.  A  summary  of  pertinent 
magnetic  data  and  other  information  is  listed  in 
Table  II.  The  highest  values  of  coercive  force  and 
(EII)max  are  obtained  in  the  same  region  where  the 


Fig.  2  Magnetic  properties  after  sintering  and  aging 
as  a  function  of  the  adjusted  samarium  content  of 
the  Co-Sm  alloy  phase  or  phases. 


TABLE  I 


X-ray  Data  for  CoRSm  Near  the  CosSm-Cc^Sny,  Boundary 


Reference 

Exptl 
Error  (f  ) 

a  (A) 

e(A) 

c/a 

Vol.  (A3) 

Umobayashi  and  Fujlmura^ 

±0.  002 

5.004 

3.  969 

0.793 

86. 17 

Austin  and  Miller^) 

±0. 002 

5.002 

3.969 

0.793 

86. 10 

Buschow  and  Van  dor  Goot^ 

±0.  005 

4.995 

3.965 

0.794 

85.  74 

Velge  and  Buschow^10^ 

±0.005 

5.004 

3.  969 

0.793 

86. 14 

Haszko^1^ 

±0. 005 

5.004 

3.  971 

0.  794 

86. 18 

This  study- -Sample  E 

±0.  001 

5.000 

3.  972 

0.794 

86.08 

This  study- -Sample  F 

±0.001 

5.0015 

3.9692 

0.  704 

86.08 

This  study- -Sample  G 

±0.001 

5.0017 

3.  9686 

0.793 

86.08 

Average 

5.002 

3.969 

0.793 

86.07 

Table  II 

Summary  of  Data  for  a  Co-Sm  Alloy  Series 


Sample 

At.  %Sm* 

Co7Sma 

4rr.Tg 

<kG) 

Br 

<kG) 

1IC 

(kOe) 

jHc 

kOe 

(BI1) 

(Mcffl* 

Density 

(g/cc) 

A 

16.  24 

Nc 

10.4 

8.4 

2.4 

2.7 

9.5 

7. 18 

B 

16.  3G 

No 

10.4 

8.6 

4.3 

5.4 

13.0 

7.20 

C 

16.48 

No 

10,3 

8.  7 

6.7 

12.2 

16.3 

7.36 

D 

16.  60 

No 

10.4 

9.0 

7.4 

13.7 

18.7 

7.57 

E 

16.72 

Yes 

10.4 

9.3 

8.3 

13.6 

21.0 

7.78 

F 

16.84 

Yes 

10.4 

9.  5 

8.5 

16.0 

21.  9 

7.  94 

F-2 

16.  84 

Yes 

10.4 

9.4 

8.2 

15. 1 

21.  8 

7.91 

G 

16.96 

Yes 

10.  3 

9.  3 

8.  1 

15.7 

21.3 

7.  92 

G-2 

16.96 

Yes 

10.3 

9.  3 

7.5 

13.8 

21.0 

7.87 

H 

17.08 

Yes 

10.  1 

9.  1 

6.5 

10.  1 

19.5 

7.90 

K-2 

17.08 

Yes 

10.3 

9.2 

6.2 

8.7 

20.0 

7.93 

I 

17.20 

Yes  t 

9,9 

8.6 

6.4 

9. 1 

17.5 

7.64 

J 

17.32 

Yost 

9.8 

8.5 

6.4 

8.9 

17.  1 

7.61 

K 

17.45 

Yest 

9.6 

8.3 

6.6 

9. 1 

16.3 

7.53 

L 

17.56 

Yes  t 

9.6 

8.  2 

6,3 

8.7 

15.  8 

7.45 

*  Calculated  on  assumption  that  oxygen  forms  Sma03 . 
t  Detected  by  x-ray  as  well  as  by  metallographic  examination. 


contain  Co7Sma,  have  relatively  high  values  of  coer¬ 
cive  force.  Beyond  17. 1  at.  %  Srn,  the  coercive  force 
(Hci  and  Hc)  level  out  with  increasing  samarium. 

The  high  (BIi)_  values  for  the  samples  E,  F, 
and  G  reflect  the  higher  density  of  those  samples 
(Fig.  1  or  Table  II).  The  coercive  force  generally 
follows  the  density  trend,  the  exception  being  Sample 
H  (17,  on  at,  Sm)  where  the  coercive  force  dropped 
and  the  density  remained  at  a  high  level.  At  substan¬ 
tially  higher  sintering  temperatures,  a  high  Hcl  will 
not  occur,  even  though  higher  densities  will  be 
achieved. 

Lattice  Parameters  vs  Temperature 

The  change  of  lattice  parameters  over  the  temper 
ture  range  IT  to  300^  are  plotted  in  Fig.  3.  The 
a0  and  c0  p”  ameters  increase  with  increasing  tem¬ 
perature  but  the  c / 1  ratio  doorcases  with  increasing 
temperature.  The  thermal  expansion  coefficients 
calculated  from  these  data  for  the  temperature  range 
-20u  to  +24UC  are: 

<ta0  '  12.  24  x  I0'8  luC 

dCo  =  4.  00  x  1C‘°  lvC 

avoj  *  28.  04  x  10*«  TC 


SUMMARY 

We  conclude  that  the  peak  coercive  force  and  en¬ 
ergy  product  values  occur  when  the  alloy  composition 
is  close  to  the  Co5Sm-Co7Sma  boundary  (16.  8  at.  7o 
Sm  after  adjustment  for  the  formation  of  Sma03). 

The  highest  magnetic  properties  have  been 
achieved  fur  samples  with  a  small  amount  of  Cc7Sma. 
Samples  located  in  the  single  phase,  Co^m  region  or 
with  mote  than  a  few  volume  percent  of  Co7Sma  have 
lower  density  when  sintered  under  similar  conditions 
and  lower  magnetic  properties.  Previously  we  ob¬ 
served  a  similar  correlation  and  postulated  that  the 
high  coercive  force  and  rapid  sintering  observed  in  the 
hyperstoiehiometric  alloys  may  be  due  to  the  presence 
of  obalt-vacancy-clusters  in  the  grain- boundary 
region.^) 

The  change  of  the  x-ray  lattice  parameters  over 
the  range  ‘IT  to  300”K  was  measured,  and  thermal 
expansion  coefficients  were  calculated.  The  a-axis 
thermal  expansion  being  about  three  times  that  of  the 
c-axis. 
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